a major research effort to develop novel materials and technologies for CO 2 capture that have lower energy penalties than the established first-generation technology of aqueous amine scrubbing. [2] As well as relatively high energy consumptions, there are corrosion and toxicity issues with amine scrubbing. [2a,3] Solid adsorbents have received great interests with carbon-based materials, metal-organic frameworks (MOFs), zeolites, alkalimetal bicarbonate/carbonate, and aminefunctionalized/supported sorbents having been the focus of many investigations. [4] Among all the promising adsorbents, activated carbon (AC) materials [5] have been considered as one of the materials with most potential, as a result of their low cost, high surface area, moderate heat of adsorption for CO 2 , good regeneration ability, and wide availability. [6] As physical adsorbents, the CO 2 capture capacity of carbon-based materials is largely determined by their textural properties and surface chemistries. Due to the nature of physical adsorption, the main drawback of AC sorbents lies in their reduced CO 2 uptakes at high adsorption temperatures and low CO 2 partial pressures, which greatly restricts its application for postcombustion carbon capture under typical flue gas conditions. For example, at 0.15 bar CO 2 , the capacity of porous carbons decreased from 1.25 to 0.40 mmol g −1 when temperature raised from 25 to 60 °C while the CO 2 uptake was reduced from 3.1 to 0.9 mmol g −1 when the pressure decreased from 1 to 0.1 bar at 25 °C. [7] In order to improve the performance of AC for CO 2 capture under possible real flue gas conditions, a significant number of investigations have been carried out toward enhancing the surface area and tuning the pore structure/size via different activation methodologies, and surface modification via manipulating the precursor materials and/or pre-/postactivation treatments. [8] Among different approaches, two main methodologies have been agreed that can markedly increase CO 2 capture capacities at low partial pressures: design of ultra-micropores below 0.8 nm to enhance the micropore filling mechanism; [9] and surface modification via nitrogen doping, [10] to improve the affinity between AC adsorption sites and CO 2 . Thanks to all the past research efforts, the CO 2 uptake capacities at 25 °C and 0.15 bar Activated carbon (AC) spheres with a diameter of 1.0-2.0 mm are synthesized from coal tar pitch for postcombustion carbon capture. The asprepared AC macrospheres after potassium hydroxide (KOH) activation are found to possess extraordinarily developed microporosity of which 87% is ultra-microporosity with pore diameters less than 0.8 nm. Despite the relatively low surface area of just 714 m 2 g −1 with a pore volume of 0.285 cm 3 g −1 , the macrospherical carbon adsorbents achieve exceedingly high CO 2 uptake capacities of 3.15 and 1.86 mmol g −1 at 0 and 25 °C, respectively, with a CO 2 partial pressure of 0.15 bar. Cyclic lifetime performance testing demonstrates that the CO 2 uptake is fully reversible with fast adsorption and desorption kinetics. More importantly, due to their high bulk density of ≈1.0 g cm −3 , the AC macrospheres exhibit extremely high volumetric CO 2 uptakes of up to 81.8 g L −1 at 25 °C at 0.15 bar CO 2 , which represents the highest value ever reported for ACs. The high ultra-microporosity coupled with the potassium-modified physiochemical surface properties is found to be responsible for the outstanding CO 2 adsorption performance of the pitchbased AC macrospheres.
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Introduction
The rising concentration of CO 2 in the atmosphere due to excessive use of fossil fuels has caused increasing concerns as a result of its impact on global climate change. [1] There has been CO 2 for some porous carbon materials have been increased to 1.5-1.8 mmol g −1[6g,10d,11] on a weight basis.
However, as most of the reported adsorbent materials, if not all, usually have very low bulk densities due to their high porosity, they are expected to give rise to low CO 2 uptake capacities on a volumetric basis despite their high adsorption capacities on a weight basis. Nevertheless, the importance of achieving high adsorption capacities on a volumetric basis of an adsorbent material, which is critical in determining the ultimate energy and capture efficiency of a solid adsorbent-based capture system, has received little attention in the most previous investigations where increasing the porosity of AC carbons has been pursued as one of the major means to increase their CO 2 adsorptive properties. Clearly, given the limited volume of a capture system, it is essential to maximize both of the adsorption capacity and the density for the adsorbents under practical flue gas stream conditions. [12] In addition, most of the AC materials reported previously were produced in the power forms with particle sizes in the range of micrometers, which greatly restricts their direct practical applications on large scales with either fluidized-bed and/or moving bed operations while the further engineering of the materials for desirable shapes and particle sizes will lead to losses in CO 2 adsorption performance. [6d] In this paper, we report a pitch-based AC macrospheres with diameters of 1.0-2.0 mm, which give the highest volumetric CO 2 uptake ever reported at low CO 2 partial pressure (0.15 bar at 25 °C). The one-step KOH activation was employed as a means to produce carbons with highly ultra-microporous structures with potassium intercalated in the structures. Gravimetric and volumetric CO 2 adsorption capacities, bulk density, mechanical strength, and regenerability of macrocarbon spheres were also investigated in this paper in the light of industrial applications.
Results and Discussion

Chemical Properties of Pitch-Based Spheres
The chemical compositions of pitch-based carbons were determined by elemental analysis and X-ray fluorescence (XRF), and the results are summarized in Table 1 . The results indicate that after KOH treatment, the K and O contents increase remarkably as expected, while the amount of H and C decreases. On the other hand, the N and S contents remain consistent after KOH activation. The reaction mechanism of KOH and carbon is a well-established activation method of producing porous AC materials. During the activation process, the reaction between the formed K 2 O and carbon can lead to the formation of functional groups such as C-O-K at high temperature of 700 °C as shown below. [13] The presence of -O-K in the char further results in the oxidation of crosslinking carbon atoms and then creates carbon surface rich in oxygen functional groups at the edges of the lamella, such as hydroxyl, carbonyl, carboxylic and carbonyl anhydride, and so on, [14] which gives rise to the usually high content of oxygen in the carbons from the chemical activation, as shown in Table 1 . It is believed that the potassium produced in the activation, in situ, has been intercalated into the lamella of carbon matrix and after activation, they exist in their intercalated forms that associated with different oxygen functionalities, leading the formation of quasi-chemical species (C-O-K). In our previous investigations, we have investigated the formation of intercalated potassium species. [15a,b] According to our previous results of X-ray photoelectron spectroscopic characterizations, it was found that after KOH treatment, the K 2p spectrum for the potassium in the carbon samples exhibited two peaks at 293.2 and 296.0 eV, respectively, with an intensity ratio of 2:1 and a difference of 2.8 eV in binding energy, which is characteristic of the spin-orbit split doublet (K 2p 3/2 and K 2p 1/2 ) of surface potassium cations and oxides. [15] This suggests that the formation of strongly bound potassium surface complexes presumably in the form of O δ− -K δ+ or extra framework K + cations. It is believed that similar structures were also formed in the pitch-derived carbon beads from using the same activation protocol. The potassium-containing surface groups cannot be easily removed even with excessive water washing, which can be indicated by the remaining potassium, close to 6 wt% after washing with abundant deionized water.
Textural Properties of Pitch-Based Spheres
The N 2 adsorption isotherms are presented in Figure 1a . It can be clearly seen that the isotherms for both K-treated pitch samples display type I isotherms. Adsorption increases rapidly below relative pressure P/P 0 of 0.1, and then reaches a plateau, revealing the typical microporous nature of the samples. Apparently, sample PAC1.0_700 (where PAC refers to Pitch-based Activated Carbon) prepared from using a higher KOH/carbon ratio have a greater developed porosity than sample PAC0.5_700 ( a) Pore volume of micropores (2 nm) was calculated by cumulative pore volume using NLDFT model; b) Pore volume of narrow micropores (<0.8 nm), which was calculated by cumulative pore volume using NLDFT model; c) The content of potassium was determined by XRF; d) The content of oxygen was obtained by difference.
(BET) specific surface area of 974 m 2 g −1 and a higher total pore volume of 0.381 cm 3 g −1 than PAC0.5_700 (714 m 2 g −1 and 0.285 cm 3 g −1 , respectively), which is clearly attributable to enhanced KOH activation. Figure 1b shows the pore size distribution of K-treated pitch spheres. In general, the K-treated pitch carbons present well-developed microporosity, especially narrow micropores with sizes below 0.8 nm. Basically, except for a small peak around 1.1 and 1.2 nm, both prepared samples have shown a bimodal micropore distribution, i.e., 0.36 and 0.52 nm for PAC0.5_700; and 0.38 and 0.61 nm for PAC1.0_700. With increasing KOH/carbon ratio, the peaks in the pore size distributions were slightly shifted to larger diameters, possibly resulting from the enlargement of the narrow micropores as a result of the enhanced activation. For instance, the inserted picture of Figure 1b illustrates both the dV/dW and cumulative pore volume against pore width for PAC0.5_700. It was found that for PAC0.5_700, the volume of micropores V micro (<2 nm) is 0.280 cm 3 g −1 , which accounts for up to 98% of the total porosity, and more importantly, the volume of narrower or ultra-micropores V narrow (<0.8 nm) is 0.244 cm 3 g −1 , which represents 87% of the total microporosity. Such extraordinary ultra-microporosity with rarely seen narrow pore size distributions observed for these pitch-based macrospheres can usually only be obtained with MOFs prepared from using specific ligand precursors. [16] It has been previously reported that ultra-microporosity plays a vital role in determining the physical CO 2 adsorption capacity of carbons particularly at low CO 2 partial pressures.
Compared with other reported ACs with considerably larger surface areas (normally larger than 2000 m 2 g −1[13a,17] ), one significant feature of the pitch macrospheres is its moderate surface area (<1000 m 2 g −1 ) and pore volumes, thanks to the mild KOH activation conditions used, which appears to be essential to give rise to the desirable ultra-microporous structure without sacrificing the bulk density and mechanical strength. Figure 2 shows the morphology of pitch beads before and after KOH activation. As shown in Figure 2b -d, it is evident that the cracks or tunnels become more severe with the increase of KOH/carbon mass ratio from 0.5:1 for PAC0.5_700 to 1:1 for PAC1.0_700. The enlarged close-up view of PAC1.0_700 illustrated in Figure 2d reveals that the initial worm-like tunnels have supplied a prior platform for KOH to react with the pitch matrix at activation temperatures as to form numerous micropores. It means that the prepared samples have hierarchical macro-micropore structure. The existence of interconnecting macropores or tunnels could be beneficial for CO 2 to facilitate diffusion into the micropores.
CO 2 Adsorption Performance
Static Adsorption Measurement
The CO 2 adsorption isotherms of PAC0.5_700 and PAC1.0_700 at 0 and 25 °C up to 1 bar are depicted in Figure 3 . The corresponding CO 2 uptakes at 0.15 and 1 bar of CO 2 are listed in Table 2 . Owing to the reduced kinetic energy of CO 2 gas molecules at lower temperature, the samples have shown higher CO 2 uptakes at 0 °C than that at 25 °C. At the same given activation temperature (700 °C), the CO 2 uptakes of two samples are mainly determined by the amount of used activation agent. However, it is apparent that at 25 °C, the CO 2 adsorption isotherms for the two samples did not show any obvious difference. For instance, at 25 °C and 0.15 bar, PAC0.5_700 presents a CO 2 uptake of 1.86 mmol g −1 , compared with 1.83 mmol g −1 for PAC1.0_700. Similarly, at 25 °C and 1.0 bar, the CO 2 uptakes for PAC0.5_700 and PAC1.0_700 are increased to 3.95 and 4.03 mmol g −1 , respectively. On the other hand, at 0 °C, the CO 2 adsorption uptakes of PAC0.5_700 are slightly higher than PAC1.0_700 in the beginning, then the CO 2 uptakes of PAC1.0_700 greatly exceed that of PAC0.5_700 from ≈0.2 bar onward. This phenomenon can be attributed to the fact that at relatively low CO 2 partial pressure such as 0.15 bar, the smaller micropores are preferred for adsorption of CO 2 molecules due to their stronger adsorption potential. Table 2 shows a comparison between the pitch spheres and other N-doped porous carbons at 0 and 25 °C under atmospheric pressure as well as a CO 2 partial pressure of 0.15 bar which is a typical quantity for postcombustion flue gas. Given the fact that the pitch spheres have very low N contents, it is outstanding that the pitch samples have shown competitive CO 2 uptakes compared with other carbons, especially at Table 2 that the pitch-derived macrospheres have achieved a CO 2 capacity of up to 3.15 and 1.86 mmol g −1 , respectively, at 0 and 25 °C and 0.15 bar CO 2 , which is comparable or even better than those of other bestperforming N-enriched carbon materials ranging from 1.70 to 3.15 mmol g −1 and 0.98 to 1.7 mmol g −1 under the similar adsorption conditions. It is worthy noted, however, that the CO 2 capacities for other N-containing carbons were obtained in their fine powder forms, which can be subjected to significant losses in adsorption capacity when they are transformed to larger particle sizes for practical applications. One significant explanation of the enhanced CO 2 uptakes at low CO 2 pressure is ascribed to the well-developed microporous structure, especially narrow micropores. Presser et al. claimed that at 0 °C under 1 bar, the micropores smaller than 0.8 nm would contribute to the majority of CO 2 uptakes on N-free carbide-derived carbons and at 0.1 bar, pore smaller or equal to 0.5 nm were preferred. [18] Zhang et al. further investigated the critical pore sizes that played a crucial role in CO 2 adsorption at different temperatures, i.e., the critical pore size (0.80, 0.70, and 0.54 nm for 0, 25, and 75 °C, respectively) decreased with the increase of adsorption temperature. [19] However, based on the fact that the synthesized pitch spheres have lower surface area than the most reported carbons (normally more than 1000 m 2 g −1 [20] ), the texture properties alone cannot account for the extraordinary large CO 2 uptakes. As for N-free samples, it is reasonable to believe that the excess CO 2 uptakes are associated with the extra framework of K cations formed from potassium intercalation during the KOH activation process in the carbon lattice. The distribution of potassium in carbon was carried out by elemental mapping for PAC1.0_700, as illustrated in Figure 2e ,f, where the intensity of red color represents the concentration of potassium. It is clearly shown that potassium is uniformly dispersed within the entire carbon framework. In our previous work, [15a] we have observed that due to potassium intercalation, the CO 2 capacity for phenolic resin carbons markedly increased from 0.79 to 1.51 mmol g −1 at 25 °C and a CO 2 partial pressure of 0.15 bar. Similar to the efficacy of extra framework in zeolites and MOFs, [21] the formation of surface C-O-K group can enhance the electrostatic field so as to polarize adsorbate molecules to the surface. [22] According to our results, the influence of K doping on CO 2
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uptakes is quite comparable to, if not better than, that of nitrogen enrichment for carbon materials, particularly at low CO 2 partial pressures. Hence, K-doping pitch-based spheres with highly narrow microporous structures have been shown to be a great potential for postcombustion carbon capture processes.
Dynamic Adsorption Measurement and Cyclic Testing of Pitch-Based Spheres
The dynamic adsorption characteristics of PAC samples from thermogravimetric analyzer (TGA) at 25 °C and 0.15 bar CO 2 in balanced N 2 have been depicted in Figure 4a . As shown in Figure 4a , the CO 2 uptakes for PAC0.5_700 and PAC1.0_700 can achieve 89% and 92% of the equilibrium capacities within 5 min, which are 1.60 and 1.71 mmol g −1 , respectively, compared with 1.80 and 1.85 mmol g −1 as the equilibrium capacities after 60 min. The results are quite consistent with those obtained from static BET volumetric measurements. The observations also highlight the fast CO 2 adsorption kinetics for both pitch samples. It is believed that the hierarchical structure in pitch beads provides a desirable diffusion system for CO 2 adsorption, i.e., the macroporous interconnecting tunnels can be considered as expressway for CO 2 molecules to reach the micropores. Figure 4b demonstrates the cyclic adsorption/desorption testing results for PAC samples. In general, both samples illustrate stable and excellent adsorption capacities over a long lifetime. More specifically, both PAC0.5_700 and PAC1.0_700 can maintain more than 90% of CO 2 uptake after 50 cycles by temperature swing. The slight early decrease for PAC1.0_700 may be due to the irreversible CO 2 adsorption on K-containing compounds, typically including KOH and K 2 CO 3 that survived the excessive water washing and were loosely distributed onto the surfaces. The high CO 2 capacity and good regenerability of the dense carbon macrospheres in simulated flue gas stream proves their sound promise for postcombustion CO 2 capture applications.
Volumetric CO 2 Capacities
It is well known that for carbon-based adsorbents, the textural properties play an important role in determining their gravimetric CO 2 capacities. However, good textural properties with increased porosity are always accompanied by accordingly reduced bulk density, which can limit the amount of materials by mass that can be used for the given volume of a capture unit. This can potentially give rise to great reductions in capture capacity under practical application conditions if on a weight basis, the gain in adsorption capacity from increased porosity does not sufficiently compensate for the loss in the capacity on a volumetric basis. [25] The volumetric adsorption capacity of an adsorbent material is not only determined by its gravimetric adsorption capacity but also by its density, which is usually low for highly ACs and high for less ACs. [12c] Table 3 compares the bulk densities of different carbon adsorbents produced from using different precursors, with silica supported Polyethylenimine (PEI) as a benchmark, which has been tested with superior performance in fluidized bed reactor. [26] The bulk density of raw pitch beads (PR0) before activation is found to possess the highest value of 1.14 g cm −3 . Despite the slight decrease in density observed with the increase of KOH/carbon mass ratios, the bulk densities of the AC macrosphere samples, which vary from 1.00 g cm −3 for the sample PAC0.5_700 to 0.76 g cm −3 for PAC1.0_700, are still significantly higher than those of other materials reported. It is noteworthy that the PAC0.5_700 carbon beads present even higher density than MPPY2600 that was prepared by mechanical compression of polypyrrole-derived AC. [27] The measurements of the tap densities of pitch-based bead samples were also performed, and it was found that despite being slightly higher, the tap densities of the carbon beads were overall comparable to the bulk densities measured by Mercury Intrusion Porosimeter (MIP). The results are in line with the measurements of BET surface areas and scanning electron microscope (SEM) images.
The gravimetric and volumetric CO 2 uptakes for the adsorbents shown in Table 3 are also plotted in Figure 5 for better comparison. It can be observed that coupled with their exceedingly high CO 2 uptake capacities, the significantly higher densities of the pitch-based AC macrospheres have enabled them to achieve the highest CO 2 capacities on a volumetric basis among all other materials reported, including both the benchmark silica-PEI and the pressed MPPY2600 pellets despite their higher gravimetric CO 2 capacities. For instance, the CO 2 uptake of MPPY2600, PR3_700, and silica-PEI at 25 °C and 0.15 bar CO 2 is 92.4, 79.2, and 101.2 mg g −1 , compared with 81.8 mg g −1 for PAC0.5_700 and 80.5 mg g −1 for PAC1.0_700. However, on a more useful volumetric basis, the PAC0.5_700 pitch macrospheres achieved a remarkable capacity of 81.8 g L −1 , being considerably higher than those of silica-PEI (60.7 g L −1 ), MPPY2600 (78.5 g L −1 ), and PR3_700 (30.9 g L −1 ). Please note that the volumetric capacity of the pitch-based carbons was measured on a macroscale of 1.0-2.0 mm, hence the value for other reported materials (except for MPPY2600) may be overestimated because they were measured for their fine power forms, and the making of larger particles from fine powders via palletization or sphericalization always leads to significant losses in CO 2 uptake capacities because of the reduced porosity and mass transfer and hence the accessibility of the material to CO 2 . It is also interesting to note that compared with the PAC0.5_700 sample, the enhanced activation of sample PAC1.0_700 has instead led to a sharp decrease in its volumetric adsorption capacity due to the resultant greater reduction in bulk density. This highlights the great importance of the bulk density of an adsorbent for CO 2 separation in practical applications.
In addition to their high CO 2 uptakes on both volumetric and gravimetric bases, the pitch-based AC macrospheres also possess remarkable mechanical strength, which varies from 7.51N for PAC0.5_700 to 5.1 N for PAC1.0_700, respectively, which are much higher than the mechanical strength of the phenolic resin-based AC beads (PR3_700) that were found to have an maximum strength of just 2.21 N. [15a] 
Conclusion
High density and extremely ultra-microporous AC macrospheres were synthesized using coal tar pitch as the precursor via a facile sphericalization process followed by one-step mild KOH activation. The carbon macrospheres with desirable uniform diameters (1.0-2.0 mm) were found to be highly characterized by their extreme microporosities of which nearly 90% is ultra-micropores with pore diameter well below 0.8 nm.
At a CO 2 partial pressure of 0.15 bar, the virtually nitrogenfree AC macrospheres displayed exceedingly strong and fully reversible adsorptive properties for CO 2 , with uptake capacities reaching 3.2 mmol g −1 at 0 °C and 1.9 mmol g −1 at 25 °C. The results suggest that a combination of the high ultramicroporosity and potassium-modified surface physiochemical Data from reference [28] ; c)
Data from reference [27] ; d)
Data from reference Denotes tap density.
Figure 5.
Comparison of gravimetric and volumetric CO 2 uptakes at 25 °C and 0.15 bar for different adsorbents (R2030: commercial carbon powder, MPPY2600: compacted carbon pellets derived from polypyrrole, PR3_700: carbon spheres from phenolic resin, PEI/silica: with 40% PEI loading, PAC0.5_700 and PAC1.0_700: pitch spheres in this work, details can be found in Table 3 ).
properties, which can be achieved simultaneously during the preparation, is responsible for the superior adsorption performance of the carbon macrospheres. Thanks to the very high densities achieved, the volumetric capacity of the macrospherical carbon materials, which defines the ultimate capacity that can be possibly achieved in practical terms with a capture system, reached a record of 81.2 g L −1 at 25 °C and 0.15 bar, which represents the highest ever reported for both supported PEI sorbents and any other AC materials.
Coupled with the exceedingly high mechanical strength, excellent regenerability over 50 cycles, the superior performance characteristics augur very well for the sound potential of the macrospherical AC material for CO 2 capture in real practical applications.
Experimental Section
Preparationof Raw Pitch-Based Carbon Spheres: The raw coal tar pitch with a softening temperature of 280 °C was dissolved with 30 wt% of naphthalene under stirring, following heat treatment at 150 °C for 1 h under N 2 atmosphere (0.5 MPa, 2 L min
). Then the pitch was pulverized into particles of ≈0.15-1.0 mm. The blended pitch was first stirred in polyvinyl alcohol solution in an autoclave with a rotation rate of 250-300 rpm and a heating rate of 5 °C min −1 . The solution was heated to 145 °C and held for 30 min. The obtained pitch spheres were washed in deionized water and dried in a vacuum oven. Sequentially, the beads were oxidized in air at 300 °C for 5 h and carbonized at 900 °C for 30 min. The parent raw pitch beads were denoted as PAC0.
KOH Activation: 10 g of pitch macrospheres were impregnated in KOH solution (100 mL) for 24 h. The samples were oven dried at 120 °C overnight to remove any present water. The samples were heated in horizontal tube furnace in N 2 at ambient pressure at 700 °C for 1 h. Then the samples were washed using deionized water until neutral. In the previous investigation (details can be found in ref.
[15a]), a more effective washing method, Soxhlet extraction, was employed in order to define the correlation between the amount of residual potassium and CO 2 adsorption capacities. Herein, simple water washing method was applied as the experiment was designed to leave sufficient amount of intercalated potassium species according to the previous investigation. Finally, the samples were dried in the oven at 120 °C for 4 h. The resulting samples were nominated as PAC0.5_700 and PAC1.0_700, where 0.5 and 1.0 meant the KOH/carbon mass ratios and 700 indicated the activation temperature. Please note that for comparison, pitch spheres prepared with more KOH/carbon ratios (from 0.1 to 1.0) and activation temperatures (600, 700, and 800 °C) can be found in the Supporting Information. In addition, activated pitch carbon spheres were also developed with a multistep activation protocol (steam activation at temperatures from 600 to 850 °C, followed by KOH activation at 700 °C), and the results can be found in the Supporting Information.
Characterization: N 2 sorption isotherms were obtained at −196 °C while CO 2 adsorption isotherms were obtained at 0 and 25 °C, respectively, using a Micromeritics ASAP 2420 instrument. Prior to analysis, 200 mg of the samples were degassed at 150 °C for 15 h. The surface area was calculated by BET method from the N 2 adsorption isotherm data in the pressure range of 0.01-0.10 P/P 0 giving positive BET constants. Total pore volume (V total ), narrow microporosity (<0.8 nm), and microporosity (<2.0 nm) pore size distributions were calculated using nonlocal density functional theory (NLDFT) carbon slit pore model, by combining the CO 2 adsorption isotherms at 0 °C to N 2 at −196 °C (beginning at 0.00005 relative pressure) using Microactive Software V3.0.
A FEI Quanta 600 SEM instrument, coupled with an energy dispersive X-ray (EDX) spectrometer (Esprit 1.9, Bruker) was applied to study the morphology of samples as well as the elemental mapping. Elemental analysis through a LECO CHNS 628 Series was applied to detect elements N, C, H, and S. The content of K was determined by XRF on a Bruker S8 Tiger Spectrometer.
TGA (Q500, TA instruments) was also applied to test the CO 2 uptakes of the samples. For each test, around 25 mg of sample was first degassed at 150 °C for 45 min in N 2 (1 bar, 100 mL min −1 ), and the sample was then cooled to 25 °C. Once the temperature stabilized, flue gas containing 15% CO 2 in N 2 (1 bar, 100 mL min −1 ) was introduced for adsorption for 60 min. The sample was desorbed at 150 °C for 10 min. Up to 50 cycles were performed to evaluate the regeneration ability of the samples.
Bulk Density: Bulk density measurements were carried out using a Micromeritics AutoPore IV 9500 series MIP. An ≈0.3 g of sample was dried in a vacuum oven at 0.03 mbar at 70 °C for 24 h prior to analysis. Only low-pressure analysis was carried out for determining bulk density, with bulk density calculated at 0.0344 bar. The measurement of tap density was carried out using a Copley Tapped Density Tester Series JV1000.
Mechanical Strength: The mechanical strength testing of the samples was conducted using a DMA Q800 dynamic mechanical analyzer. Ten carbon beads for each sample were randomly selected for testing and the average value was reported.
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